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Once abundant in the Texas and Louisiana coastal prairie, currently the 
Attwater’s Prairie Chicken (Tympanuchus cupido attwateri, APC) is close to extinction. 
Efforts to increase the size of the remaining populations at the Attwater Prairie Chicken 
National Wildlife Refuge (APCNWR) and the Galveston Bay Prairie Preserve (GBPP) 
with releases of captive-reared individuals are part of the APC captive- breeding 
initiative. However, after a decade of yearly releases, the populations are not reaching 
viable sizes.  
I analyzed post-release survival data of individuals released at the APCNWR 
from 1996 to 2005.  Results suggest that age at release or date of release had little 
influence on survival of captive-breed APC.  At two weeks post-release, survival 
estimates (SE) were 0.76 (0.03) for females and 0.82 (0.04) for males. Approximately 
50% of the females and 33% of the males died within the first 60 days post-release. 
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Survivorship during the breeding season showed that male survival (0.36) was higher 
than female survival (0.23). Survivorship from the median release date to beginning of 
the breeding season was 52% for males and 39% for females. Mean female survival was 
155 days, while median survival was 94 days.  For males, mean survival was 135 days 
and the median was 81 days. 
Results from a stochastic simulation model, which was developed based on the 
survival analysis of APC on the APCNWR, confirmed that releasing individuals closer 
to the beginning of the breeding season and sex ratio at release had little effect on 
population growth.  Regardless of the number of individuals released annually, 
population sizes immediately prior to the release dates were only 11–12% of the 
population sizes immediately after the release dates. At current mortality rates, simulated 
APC populations could not sustain themselves even if reproductive parameters were 
increased to the maximum rates reported for APC, or to the maximum rates reported for 
the closely related Greater prairie chicken.  Based on these results, the APC may face 
extinction within the next decade unless conservation efforts succeed on increasing 
reproductive success and greatly reducing mortality rates. 
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1.1  CONSERVATION EFFORTS 
 
1
In many cases, severe declines in species abundance and distribution have 
required that conservation projects apply drastic measures to increase the probability of 
species survival. These measures may include ex-situ (= off-site) conservation, involving 
captive breeding, gene banks, zoos, and aquaria (Primack, R., 2000), in-situ (= on-site) 
conservation, including the establishment and management of protected areas (Primack, 
R., 2000; Soulé, 1991). One of the most common components of conservation projects 
involving captive breeding programs are translocation of individuals (Tenhumberg et al., 
2004). Translocations are defined as the intentional release of individuals into the wild to 
establish, reestablish, or augment a population (Griffith et al., 1989; Snyder et al., 1999; 
Tenhumberg et al., 2004), and can include movement of wild animals among natural 
populations or into captive populations (capture or collection), and / or movement of 
captive animals into wild populations (reintroduction or release) (Tenhumberg et al., 
2004).  
 The majority of recovery plans for endangered species in the United States have 
identified re-introductions as part of specific tasks to recover species to a stage where 
they can be down listed from endangered to threatened or removed from threatened 
                                               
This dissertation follows the style of Ecological Modelling. 
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status (delisted) (Tear et al., 1993). However, only a small number of all attempts at 
reintroductions in the United States have been successful (Beck et al., 1994; Earnhardt, 
1999). Frequently, information that can enlighten the causes for failure of these projects 
is not well documented. Failure to document procedures, monitor released animals (Beck 
et al., 1994; Ostermann et al., 2001), and publish findings in easily-accessible sources of 
literature (Scott and Carpenter, 1987; Griffith et al., 1989; Beck et al., 1994; Sarrazin 
and Barbault, 1996), in addition to political, social, and economic biases (Tear et al., 
1993), are common. 
 A successful reintroduction has been defined as the establishment of a self 
sustainable population (Griffith et al., 1989; Kleiman et al., 1994; Ebenhard, 1995), and 
as indicated by the World Conservation Union (IUCN) in 1987, these efforts are aimed 
at enhancing the long-term survival of a species in an ecosystem and maintaining and/or 
restoring natural biodiversity.  For conservation efforts that include the release of 
individuals, it is paramount to evaluate post-release factors to determine whether criteria 
for success have been attained (Stanley Price, 1991). In fact, the ultimate goal of a 
species recovery plan is “to restore the listed species to a point where they are viable, 
self-sustaining components of their ecosystem” (U.S. Fish and Wildlife Service, 1990). 
 Since translocations are expensive enterprises in terms of funds, time and human 
involvement (Clark et al., 2002), it is imperative to take into consideration multiple 
factors that maximize the chances of success. Rout et al., (2007), summarized several 
key factors previously identified that influence the establishing of self-sustaining 
populations, including (1) the number of individuals released (Griffith et al., 1989; 
  3 
 
Veltman et al., 1996; Wolf et al., 1996, 1998; Fisher and Lindenmayer, 2000; Matson et 
al., 2004), (2) the habitat quality of the release area (Griffith et al., 1989; Wolf et al., 
1996, 1998), (3) the duration of the translocation project (Griffith et al., 1989), (4) the 
location of the release area in relation to the historical range of the species (Griffith et 
al., 1989; Wolf et al., 1996, 1998), (5) the type of the source population used (Griffith et 
al., 1989; Wolf et al., 1996; Fisher and Lindenmayer, 2000), (6) the diet and 
reproductive traits of the species (Griffith et al., 1989; Wolf et al., 1996, 1998), and (7) 
persistence or removal of the original cause of decline (Fisher and Lindenmayer, 2000). 
 Indeed, there has been tangible emphasis on the use of simulation models to 
determine the optimal number of released individuals to reach the establishment of a 
viable population (World Conservation Union, 1987, 1998; Tenhumberg et al., 2004), 
and to evaluate the possible effect of alternative translocation strategies (Haig et al., 
1993; Lubow, 1996; Haight et al., 2000). Thus, including some of the aforementioned 
factors, I examined through the use of a quantitative simulation model, several releases 
strategies varying the number of individuals released, reproductive traits of the 
endangered Attwater’s prairie chicken, and mortality rates. 
1.2  ATTWATER’S PRAIRIE CHICKEN 
1.2.1  SPECIES BACKGROUND 
 Throughout North America, populations of endemic prairie grouse 
(Tympanuchus spp.) have undergone large decreases in size since the early 20
th
 century 
(Peterson et al., 1998; Silvy and Hagen, 2004). The strict habitat requirements of these 
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species, coupled with the rapid urbanization and the resulting habitat loss during the 
latter half of the last century, have been identified as the main factors for these declines.  
One of these species, the Attwater’s prairie chicken (Tympanuchus cupido attwateri, 
APC), a close relative of the extinct Heath hen (T. c. cupido) and the vulnerable Greater 
prairie-chicken (T. c. pinnatus), is currently one of the most endangered species in the 
United States (Lockwood et al., 2005a).  
1.2.2  BRIEF LIFE HISTORY 
 The APC is a non-migratory medium-sized grouse with a mean weight of 745 
and 982 g for females and males, respectively (Lehmann, 1941; Peterson, 1994). 
Generation time previously reported for prairie chickens is about 2 years (Bellinger et 
al., 2003). APC are lek-breeding species that use communal display areas known as 
booming grounds. Booming grounds are crucial for their breeding (Hamerstrom et al., 
1957; Toepfer, 2003) and usually vary in size from approximately one-eighth an acre to 
several acres (Jurries, 1979). A typical booming season starts in late January to early 
February and ends by the third week in May (Lehmann, 1941; Jurries, 1979).  Breeding 
behavior is typically initiated with males gathering and displaying at the booming 
ground throughout the morning and afternoon to attract females (Schwartz, 1945). Males 
exhibit a characteristic booming behavior which mainly consists of strong vocalizations, 
snapping of their tails, and inflation of air sacs, and females choose their mates based on 
the male’s display ability.  After mating, females move to establish the nest within one 
mile of the booming ground (Lehmann, 1941; Horckel, 1979), and in cases where the 
first nest is unsuccessful a re-nesting attempt will occur.  Once the chicks hatch, they 
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remain with the mother until brood breakup occurs at approximately 12 weeks of age 
(Peterson and Silvy, 1996). 
1.2.3  DISTRIBUTION AND ABUNDANCE 
 Historically, the APC inhabited the coastal prairies of Texas and Louisiana, with 
estimated abundances reaching approximately 1 million individuals on an estimated 2.4 
million hectares (ha) prior to European settlement (Lehmann, 1941; Peterson, 1994; 
Morrow et al., 2004; Silvy et al., 2004). However, populations of APC have steadily 
declined in numbers since 1935 reaching critical levels (Lehmann, 1941; Peterson et al., 
1998; Silvy et al., 2004).  APC decline is mainly due to habitat lost and fragmentation 
(Lawrence and Silvy, 1980; Morrow et al., 1996; Morrow et al., 2004; Silvy et al., 
2004), and it has been estimated that less than 1% of coastal prairie ecosystem remains 
(Smeins et al., 1991).  As a result of both range-wide depletion of habitat and critically 
low numbers on the populations, the APC was one of the first species to be listed as 
federally endangered under The Endangered Species Conservation Act of 1966, when its 
numbers were approximately 1,070 individuals throughout its entire range (Lawrence 
and Silvy, 1980; Morrow et al., 2004).  
Currently, there are less than fifty (50) free-ranging individuals remaining in two 
isolated populations (Fig. 1.1) (Preisser and Yelin, 1999; Silvy et al., 1999; Morrow et 
al., 2004).   
  




Figure 1.1. Approximately historical geographic distribution of Attwater’s prairie-
chicken in southeast Texas, USA, 1937 (Lehmann 1941), 1963 (Lehmann and 
Mauermann 1963), and 2002. Figure from Morrow et al.; 2004. 
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These individuals are kept at two wildlife reserves dedicated to the APC 
conservation and together they represent approximately > 0.2% of the APC historical 
habitat: the Attwater Prairie Chicken National Wildlife Refuge (APCNWR), located in 
Colorado County with 10,538 acres, and (2) Galveston Bay Prairie Preserve (GBPP) in 
Galveston County, Texas with 2,303 acres (Fig. 1.1).  Neither population is self-
sustainable (Silvy et al., 1999) and must be supplemented with yearly releases of 
individuals currently bred at seven (7) breeding and research facilities: Fossil Rim 
Wildlife Center at Glen Rose, TX, Sea Word San Antonio, Texas A&M University at 
College Station, and the Abilene, Caldwell, Houston, and San Antonio Zoos (Hess et al., 
2005, U.S. Fish and Wildlife Service, 2007). 
1.2.4  RESEARCH STATUS 
Previous studies on APC have focused on ecology and life history (Lehmann, 
1941; Horkel, 1979; Jurries, 1979; Cogar, 1980; Horkel and Silvy, 1980), periodic 
population surveys (Lehmann, 1941; Lehmann and Mauermann, 1963) habitat 
management (Chamrad and Dodd, 1972; Kessler, 1978; Morrow, 1986; Morrow et al., 
1996), predator management (Lawrence, 1982), parasites and infectious diseases 
(Peterson, 2004 and references cited therein), influence of insects availability (Griffon et 
al., 1997), breeding and release techniques (Watkins, 1971; Drake, 1994; Griffin, 1998; 
Hess et al., 2005; Lockwood et al., 2005a), genetics (Ellsworth et al., 1994; Osterndorff, 
1995; Stoley 2002), and the impact of stochastic precipitation events (Peterson and Silvy 
1994, Morrow et al. 1996) on population dynamics, among many more.   
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 Various early attempts to successfully maintain individuals in captivity were 
ineffectual (Watkins, 1971; Lawrence and Silvy, 1980).  However, efforts were re-
initiated in 1992 when the remaining APC populations reached 456 birds (U. S. Fish and 
Wildlife Service, 2007), and a assessment by the Captive Breeding Specialist Group of 
the International Union for Conservation of Nature predicted extinction of the species by  
 2000 if supplementation was not initiated (Seal, 1994). A pilot release program of 
captive-bred APC was achieved in 1995 (Lockwood et al., 2005a; U. S. Fish and 
Wildlife Service, 2007), and over the last decade, intense conservation efforts have 
supplemented the two remaining free-ranging APC populations with captive-reared 
individuals (Silvy et al., 1999; Silvy et al., 2004; Lockwood et al., 2005a). Indeed, the 
restoration program for Attwater’s prairie chickens hinges on survival and reproduction 
of released birds (Lockwood et al. 2005a). 
1.3  RESEARCH OBJECTIVES 
My dissertation research focuses on:   
(1) estimating the effects of day of release (calendar day), age at release (age in 
days since hatch), gender, and year on post-release survival of pen-reared, radio-
tagged APC released on the APCNWR from 1996 to 2005, 
(2) developing a stochastic simulation model to project population trends for the 
APC on the APCNWR based on the survival estimates of Objective (1), and 
(3) using the model developed in Objective (2) to examine population-level 
responses to hypothesized changes in rates of natural recruitment and mortality, 
and to changes in the number of captive-reared birds released annually. 




POST-RELEASE SURVIVAL OF CAPTIVE-REARED TYMPANUCHUS                
CUPIDO ATTWATERY AT THE ATTWATER PRAIRIE CHICKEN                   
NATIONAL WILDLIFE REFUGE 
 
2.1  INTRODUCTION 
The Attwater’s prairie-chicken (Tympanuchus cupido attwateri, APC), a close 
relative of the extinct Heath hen (T. c. cupido), is one of the most endangered avian 
species in North America. Wild populations of APC once numbered nearly 1 million 
individuals on 2.4 million ha of coastal prairie in Texas and Louisiana (Lehmann, 1941).  
However, conversion to agriculture, overgrazing, and invasion of woody species, as well 
as increased urbanization along the coastal plain, has extirpated the APC from Louisiana 
and drastically reduced populations in Texas (Lehmann, 1941; Lawrence and Silvy, 
1980; Morrow et al., 1996; Morrow et al., 2004; Silvy et al., 2004).  Populations of APC 
have declined steadily since 1935, and as a result the APC was one of the first species 
listed under The Endangered Species Conservation Act of 1966 (Morrow et al., 2004).  
By 1967 APC numbers had decreased to approximately 1,070 individuals (U. S. Fish 
and Wildlife Service, 2007), which stimulated the first efforts to supplement existing 
wild APC populations through a captive breeding program (Watkins, 1971; Lawrence 
and Silvy, 1980). The last free-ranging Attwater’s populations are on the Attwater 
Prairie Chicken National Wildlife Refuge (APCNWR), located in eastern Colorado 
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County, Texas, and the Texas City Prairie Preserve (TCPP) in Galveston County, Texas 
(Morrow et al., 2004; Silvy et al., 2004; Lockwood et al., 2005a).  By 1992, 
approximately 432 wild APC remained, at which time a captive breeding program was 
again attempted to supplement the remaining populations and preserve genetic variation 
(Lockwood et al., 2005a).  As part of the APC recovery strategy, 7 breeding and 
research facilities collectively have produced >700 birds (through 2005, Attwater Prairie 
Chicken National Wildlife Refuge, unpublished data), which have been released at both 
areas.  These releases are the main source of recruitment for both populations (Silvy et 
al., 1999; Silvy et al., 2004).   
Because long-term sustainability of APC populations relies on the survival and 
subsequent reproduction of pen-reared individuals (Lutz et al., 1994; Peterson and Silvy, 
1996; Lockwood et al., 2005a), knowledge of potential factors causing variation in 
survival is paramount to long-term population conservation.  Using data from the 
APCNWR for 10 years (from 1996 to 2005) of radio-tagged APC that were kept in 
acclimation pens for approximately 14 days prior to release, I evaluated their post-
release survival examining the effects of day of release (calendar day), age at release 
(age in days since hatch), gender, and year.  I estimated survival of males and females 
for several periods post-release for comparison with previous studies. Further, due to the 
mating behavior of the species, I evaluated post-release survival from the median release 
date to the initiation of the breeding season, and between breeding and non-breeding 
seasons. 
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2.1.1  STUDY AREA 
 Data for this research has been collected by the APCNWR during a period of ten 
years (1996 – 2005) and has not been analyzed previously.  The refuge is located in 
eastern Colorado County, Texas, on the border of the Gulf Prairies and Marshes and Post 
Oak Savannah ecoregions (Gould, 1975), and currently contains 10,538 ac (4,265 ha) 
(U. S. Fish and Wildlife Service, 2007).  The refuge is mainly (71%) open mid-grass 
prairie (Morrow et al., 1996), which is maintained by an intensive program of prescribed 
burning, controlled grazing, herbicide application, and seeding of native grasses (Horkel, 
1979; Lockwood et al., 2005b).  
2.2  METHODS 
I evaluated post-release survival of 562 (293 males and 269 females) captive-
bred APC released on the APCNWR from 1996 to 2005; excluding 19 individuals 
because sex was unknown. Data consisted of birds that were kept in acclimation pens at 
the release site for approximately 14 days (range 10-20 days). Upon release, pen gates 
were opened allowing individuals to leave freely. Food and water were provided outside 
acclimation pens for approximately 30 days post-release.  All released individuals were 
equipped with mortality-sensitive radio transmitters (<3% body mass) before placement 
in acclimation pens, and were monitored daily after release (M. Morrow, APCNWR, 
personal communication).  Data on each individual included gender, date of hatching (19 
April 1996 to 20 May 2005), day of release (calendar day; 48 to 351), age at release (83 
to 970 days), last day observed alive, date found, and bird status. Mortality date was 
estimated as the mid-point between last day observed alive and date found.  
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Survival and mortality hazard of captive-bred APC were estimated as a function 
of age at release (in days), day of release (day of year), as well as within and between 
genders and years using a Cox proportional hazard modeling approach implemented in 
the program R (R Core Development Team, 2006) using packages Survival, Design, and 
MASS (Venables and Ripley, 2002; Lumley, 2003; Harrell, 2006).  Data consisted of 
both left-truncated and right censored information, thus I followed standard survival 
analysis assumptions described by Pollock et al., (1989).  I checked the proportionality 
of hazards goodness of fit assumption by evaluating the scaled Schoenfeld residuals 
(Grambsch and Therneau, 1994; Venables and Ripley, 2002).  Based on the predicted 
Cox model, I estimated survival for each year of the study, and for comparison to 
previous studies I evaluated survival for males and females at 14 days, 28 days, and 60 
days post-release.   
In order to evaluate seasonal survival (breeding and non-breeding seasons) in 
Attwater’s prairie chickens, I used the known fate design in program MARK (White and 
Burnham, 1999).  I defined encounter occasions weekly, using 1 September as the initial 
date individuals entered the survival dataset.  I chose 1 September each year for entry as 
this represented the median release date for captive-bred APC with a 14 days 
acclimation period pre-release and released between 1996 and 2005. I defined the 
breeding season from 1 February (week 5) to 31 May (week 22) as in Lockwood et al., 
2005a, and the non-breeding season from 1 June (week 22) to 31 January (week 4). 
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2.3  RESULTS 
I found no evidence of an interaction between gender of individuals released and 
year of release, thus I combined genders when evaluating year to year variation (Fig. 
2.1).  Using the 1996 cohort (survival was high in 1996, Lockwood et al., 2005a) as the 
baseline for the ten years of this study (from 1996 to 2005), estimated hazard ratios 
ranged from 0.31 (in 2004) to 3.42 (in 2000) (Table 2.1). I found no evidence the 
proportional hazards assumptions for gender of individuals released (ρ= 0.002, P 
=0.962), age at release (ρ= 0.03, P =0.50), day of year of release (calendar day) (ρ= 0.03, 
P =0.71), or across years (-0.03 ≤ ρt ≤ -0.007; P >0.15) were violated. I estimated 
survival (SE) for released captive-bred females during three (3) periods from 0–14, 15–
28, and 29–60 days after release as 0.76 (0.03), 0.70 (0.03), 0.58 (0.03), respectively, 
whereas male post-release survival estimates were 0.82 (0.04), 0.77 (0.04), 0.67 (0.04), 
respectively. 
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Figure 2.1.  Estimated yearly post-release survival curves for captive-bred Attwater’s 
prairie chickens released on the Attwater Prairie Chicken National Wildlife Refuge from 
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Table 2.1.  Estimates of mortality hazards (β), standard errors (se(β)), and associated 
hazard ratios (exp(β)) for Attwater’s prairie-chickens released on the Attwater Prairie 
Chicken National Wildlife Refuge between 1997 and 2005; 1996 (a high survival year) 


















1998 0.08 0.34 1.10 
1999 0.99 0.30 2.70 
2000 1.23 0.38 3.42 
2001 0.39 0.29 1.48 
2002 0.34 0.28 1.41 
2003 -0.45 0.29 0.64 
2004 -1.17 0.48 0.31 
2005 0.70 0.31 2.01 
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 Mortality hazard of females (β = - 0.346) was significantly higher than that of 
males, with an associated hazard ratio for males of 0.70 (SE=0.10).  Mortality hazard 
was statistically significant for both day of year of release (βj = 0.0094; P<0.001) and 
age at release (βi =0.0005; p=0.05), however, the associated hazard ratios (1.01 and 1.00, 
respectively) suggested these differences were of no biological significance. 
Median release date was about 1 September and showed little variation except 
during 2000 (Fig. 2.2). Weekly survival during the breeding season was slighter high for 
males (0.965, SE= 0.002) than for females (0.963, SE= 0.003).  Non-breeding season 
survival followed the same pattern, with male survival (0.969, SE=0.002) exceeding 
female survival (0.958, SE= 0.003). Based on weekly survival estimates, the likelihood 
of females surviving the non-breeding season (1 June to 31 January) was approximately 
13% lower than that of males (0.23 versus 0.36) (Fig. 2.3A).  Based on median release 
date, 52% of the males would survive to the beginning of their first breeding season 
while only 39% of the females would survive the same period (Fig. 2.3B). The 
likelihood of surviving the period of the breeding season (1 February to 31 May) was 
essentially the same for both males (0.50) and females (0.49). 
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Figure 2.2.  Medians (indicated by boxes) and ranges for day of year of release and age 
at release (in days) of Attwater’s prairie-chickens on the Attwater Prairie Chicken 
National Wildlife Refuge from 1996 to 2005. 
  











































Figure 2.3.  Weekly survivorship for males (dotted lines) and females (solid lines) 
Attwater’s prairie chickens at the Attwater Prairie Chicken National Wildlife Refuge (A) 
during the breeding season (February 1 to May 31), and during the non-breeding season 
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2.4  DISCUSSION 
Survival of APC steadily declined post release, and approximately 50% of the 
females and 33% of the males died within the first 60 days post-release.  Gender-specific 
differences in survival have been reported previously for other species of prairie grouse 
(Hamerstrom and Hamerstrom, 1973).  As expected, survival of APC showed 
considerable year-to-year variation during the study period (1996-2005).  At two weeks 
post-release, survival estimates (SE) were higher in pen-reared APC (0.76 (0.03) for 
females and 0.82 (0.04) for males) than those reported for translocated birds from wild 
populations (0.64 (Lawrence and Silvy, 1987) and 0.737 (Lockwood et al., 2005a).  
However, Lockwood et al., 2005a found higher survival estimates (SE) at two weeks 
post-release for pen-reared birds with a 14-day acclimation period (0.961 (0.027)). 
Results showed that survival during the first two weeks post-release was higher than 
during the second two weeks, indicating that, at least for pen-reared birds, the second 
two weeks post-release is more critical.   
I found little evidence that age at release or date of release influenced survival of 
pen-reared Attwater’s prairie-chickens. The earliest age at release was 83 days and 75% 
of releases occurred before birds had reached 210 days of age.  However, age of release 
frequently was tied to a minimal mass, typically 500g, thus age of release may be 
confounded with one or several factors (e.g., physiological condition) which it was not 
evaluated in this study. This analysis, tended to concur with results from Lockwood et 
al., (2005a) which indicated survival was not influenced by date of release.   
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Assuming that reproduction is initiated in February and extends through May 
(Lockwood et al., 2005a), survival estimates indicate Attwater’s prairie-chickens must 
survive, on average, 5 months from the median release date (1 September, Fig. 2.2) to 
reach the beginning of the breeding period (1 February).  They then must survive an 
additional 1-4 months (February–May), depending on timing of breeding and nest 
success, to produce offspring. Mean female survival was 155 days (about 5.5 months), 
while median survival was 94 days.  For males, mean survival was 135 days (about 4.8 
months) and the median was 81 days.  The results of this study are more optimistic that 
Toepfer (1988:139) which reported that 90% of released pen-reared Greater prairie 
chickens were dead within 90 days, and none survived longer than 120 days. While 
estimates of other production characteristics are available for wild and released pen-
reared Attwater’s prairie-chickens (Lutz et al., 1994; Peterson and Silvy, 1996; Peterson 
et al., 1998; Lockwood et al., 2005a), I am unaware of other estimates of breeding 
season survival or survival from release date to breeding season initiation (but see 
Lockwood et al., 2005a for estimates to 1 January).  
Management of endangered species requires that conservation biologists 
determine which factors contribute to variation in life-history parameters and which of 
those parameters most likely constrain populations.  Given the results of this analysis, 
concerns regarding effects of age at release and date of release on survival of pen-raised 
APC released on the APCNWR are unwarranted, but results also indicate that survival 
steadily declined after release with female survival lower than male survival. My future 
research includes using these findings and daily post-release survival estimates for the 
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endangered APC to build a stochastic simulation model representing the population 
dynamics of the APC released at the APCNWR. Therefore, these results are a step 
forward towards learning about the post-release dynamics affecting the captive-rear APC 
and contribute to maximize conservation strategies for recovery of the species.   




PROJECTING POPULATION DYNAMICS OF THE ATTWATER’S PRAIRIE 
CHICKEN: SIMULATING EFFECTS OF NATURAL RECRUITMENT,   
MORTALITY, AND RELEASE OF CAPTIVE-REARED BIRDS 
 
3.1  INTRODUCTION 
 The Attwater’s Prairie-chicken (Tympanuchus cupido attwateri, APC) is one of 
the three subspecies of prairie chickens currently existing in North America and it 
represents the southernmost extension of the genus Tympanuchus, historically existing in 
the prairies of Texas and Louisiana where it reached 1 million individuals prior to 
European settlement (Lehmann, 1941). The APC was one of the first species to be listed 
under the Federal Endangered Species List (Lawrence and Silvy, 1980; Morrow et al., 
2004) when numbers were reduced to 1,070 individuals in 1967. Its dramatic decline has 
continued with approximately 99% of its suitable habitat lost mostly due to land 
fragmentation, and destruction of its native habitat (Lehmann, 1941; Jurries, 1979; 
Lawrence and Silvy, 1980; McKinney, 1996; Silvy et al., 2004). Only two isolated 
populations remain at: (1) Attwater Prairie Chicken National Wildlife Refuge 
(APCNWR), located in Colorado County, Texas and (2) Galveston Bay Prairie Preserve 
(GBPP) in Galveston County, Texas (Morrow et al., 2004; Silvy et al., 2004; Lockwood 
et al., 2005a). Intensive conservation efforts have supplemented these last free-ranging 
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Attwater’s prairie chicken populations with captive-reared individuals during the last 
decade, yet the populations have not reached self-sustainable levels (Silvy et al., 1999). 
 The vulnerability of small populations and the lack of available time prevent 
field experimentation with endangered species, so simulation models have proved to be 
useful to project future dynamics of populations of threatened and endangered species 
(Vos et al., 2001; Mooij and DeAngelis, 2003). Simulation models have been used under 
various assumptions regarding potential changes in demographic parameters (Peterson et 
al., 1998; Lopez et al., 2000; Wisdom et al., 2000), and to estimate risk of population 
extinction (Boyce, 1992; Krebs, 2001).  A previous study simulated the relative 
importance of three reproductive parameters on the APC population and found that an 
increasing population could be generated only if nesting success, brood survival, and 
number of chicks per brood all increased to within 10 percent of the corresponding 
values for the non-endangered Greater prairie chicken (T. c. pinnatus) (Peterson et al., 
1998).  However, in the absence of demographic data for APC, it was assumed that APC 
mortality rates were the same as those of the Greater prairie chicken (Peterson et al., 
1998). In addition, effects of population supplementation via the release of captive-
reared birds, which currently is the main source of new recruits into the population have 
not been investigated.   
In this chapter, I present a stochastic simulation model developed to project 
population trends for the Attwater’s prairie-chicken at the APCNWR based on estimates 
of natural mortality (Chapter II).  I first describe the model (Section 3.2), and then verify 
its ability to simulate observed population trends at the APCNWR and to exhibit the 
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expected sensitivities to changes in model parameters (Section 3.3). I then use the model 
to examine population-level responses to hypothesized changes in rates of natural 
recruitment and mortality, and to changes in the number of captive-reared birds released 
annually (Section 3.4).  
3.2  MODEL DESCRIPTION 
3.2.1  OVERVIEW OF MODEL STRUCTURE 
The model is formulated as an age- and sex-structured compartment model based 
on difference equations (Δt = 1 day), programmed in STELLA® 7 (High Performance 
Systems, 2001). 
It consist of 2 sub-models representing the dynamics of naturally-recruited (Fig. 
3.1A) and captive-reared released individuals (Fig. 3.1B).  Each of four sets of state 
variable equations (naturally-recruited males, naturally-recruited females, captive-reared 
and released males, captive-reared and released females) takes the following general 
form:  
   Ni,t + 1 = Ni,t + (ni,t – mi,t – si,t) * ∆t, for i = 0     (1) 
Ni,t + 1 = Ni,t + (si-1,t  – mi,t – si,t) * ∆t, for i > 0   (2) 
where Ni,t represents the number of individuals in age class i at the beginning of time t, 
ni,t represents the number of individuals recruited into age class i during time t, mi,t 
represents the number of individuals in age class i dying during time t, and si,t represents 
the number of individuals surviving to age class i + 1 during time t. 
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3.2.2  RECRUITMENT  
Natural recruitment is calculated as: 
n83,t = k1 + (1 - k1) * k2) * (k3 / 2) * NRi,t   if day-of-year = 120 (3) 
n83,t = 0      if day-of-year ≠ 120 (4) 
where NRi,t represents the number of females in the population that have attained 
reproductive age (i  365), k1 represents the proportion of first nests that are successful, 
k2 represents the proportion of second nests that are successful (renesting success), and 
k3 represents the number of chicks per brood prior to brood breakup (at 83 days of age) 
(Fig. 3.1A).  Individuals are recruited into the simulated population at an age of 83 days, 
which is the approximate age of chicks at brood breakup reported by Peterson and Silvy 
(1996; these authors reported an age at brood breakup of approximately 12 weeks of 
age).  The baselines values of k1, k2, and k3 reported by Peterson and Silvy (1996) and 
summarized in Peterson et al., (1998, Table 1) were 0.342, 0.241, and 4.3, respectively, 
for Attwater’s prairie-chickens and 0.495, 0.495, and 6.0 respectively, for greater prairie 
chickens.  Individuals are recruited as males or females depending on sex rate (k4, Fig. 
3.1). 
Recruitment of released captive-reared individuals into the population is 
represented as a management variable, and depends on number of individuals released 
(k5), the day-of-year of their release (k6), and the proportion of females released (k7) 
(Fig. 3.1B).  Since age-at-release does not affect survivorship (Chapter II), all captive-
reared individuals are released at one year of age (i = 365).  
  





Figure 3.1.  Conceptual model of population dynamics of the endangered Attwater’s 
prairie chicken population at the Attwater’s Prairie Chicken National Wildlife Refuge, 
consisting of sub-models representing dynamics of naturally-recruited (N) and captive-
reared and released (R) individuals.  Natural mortality (m) and survival (s) rates (k8i) are 
age- and sex-specific, but are the same for N and R.  (A) Initial nesting success, 
renesting success, number of chicks per brood prior to brood breakup, and sex ratio are 
represented by k1 - k4, respectively, and n represents natural recruitment.  (B) Number 
released, day-of-year of release, and proportion of females released, are represented by 
k5 – k7, respectively, and nr represents recruitment of captive-reared birds.  See text for 
details. 
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3.2.3  NATURAL MORTALITY 
Natural mortality is calculated as: 
 mi,t = k8i * Ni,t        (5) 
where k8i represents the proportion of individuals in age class i that die during time t.  I 
parameterized k8i separately for males and females based on results of the survival 
analysis for Attwater’s prairie-chickens at the APCNWR described in Chapter II. 
Mortality rates were treated as stochastic variables and were drawn from a normal 
distribution created from the mean mortality rates and the associate standard deviation 
for each age class i. 
 Survival from age class i to age class i + 1 is calculated as: 
 si,t = Ni,t – mi,t.        (6) 
3.3  MODEL VERIFICATION 
 Before using the model, I verified that model behavior was consistent with 
general observations of APC population dynamics at the APCNWR during the study 
period (from 1996 – 2005), and with results of survival analyses based on data collected 
on the Refuge, over the last decade (Chapter II).   
 If the model was performing appropriately, (1) simulated population sizes should 
exhibit relatively stable annual fluctuations, with minimums and maximums occurring 
immediately pre- and post-release events, respectively, (2) population sizes should be 
significantly affected by changing the number of captive-reared individuals released 
annually, but (3) changing the day-of-year that birds were released and the proportion of 
females released should not have a significant effect on population size (Chapter II).  
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I ran eighteen (18) sets of simulations with the model parameterized to represent 
general conditions on the APCNWR over the past decade.  I initialized each simulation 
with a population of 30 adults (1:1 sex ratio), set the natural recruitment parameters (k1 - 
k4) equal to zero (natural recruitment on the Refuge has been negligible), and used the 
mortality estimates (k8i) calculated from data collected on the Refuge (see Chapter II).  
Each of the 18 sets of simulations represented a different combination of the number of 
captive-reared individuals released each year (k5 = 60, 100, or 200), the day-of-year 
(calendar day) that birds were released (k6 = 1, 244, or 305) and the proportion of 
females released (k7 = 0.48 or 0.7).  I chose the values of k5 because, on average, 60 
captive-reared birds have been released annually on the Refuge, the most recent species 
recovery plan suggested an annual release of 100 birds (U.S. Fish and Wildlife Service, 
2007), and Toefler et al. (2003) suggested that for grouse populations with displaying 
males (such as the Attwater’s prairie chicken) at least 200 individuals should be 
maintained in the population.  I chose the values of k6 and k7 to encompass a wide range 
of plausible release dates and proportions of females released to give these factors a 
reasonable opportunity to affect population size.   
For each set of simulations, I ran twenty (20), ten (10)-year, Monte Carlo 
(replicate stochastic) simulations, and monitored changes in simulated population size.  
Twenty Monte Carlo simulations allowed detection of a difference in population sizes of 
two (2) individuals (a breeding pair) with type I and II errors of α < 0.05 and β < 0.80, 
respectively (Ott & Longnecker, 2001).   
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Results of the simulations verified that (1) simulated population sizes exhibited 
relatively stable annual fluctuations, with minimums and maximums occurring 
immediately pre- and post-release event, respectively (Fig. 3.2), (2) population sizes 
were significantly affected by changing the number of individuals (captive-reared) 
released annually, but (3) population sizes were not significantly affected by changing 
the day-of-year (calendar day) that individuals were released and the proportion of 
females released (Table 3.1, Figure 3.3).  Also, not surprisingly, but importantly, 
although changing the number of individuals released annually affected population size, 
it did not qualitatively affect population dynamics, that is, population sizes immediately 
pre-release events were consistently about 11 or 12% of population sizes immediately 
post-release event (Fig. 3.2). 
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Figure 3.2.  Representative results of simulations verifying that model behavior is 
consistent with general observations made on the Attwater’s Prairie Chicken National 
Wildlife Refuge over the last decade.  Lines represent typical Monte Carlo simulations 
in which either 60 (solid line), 100 (dotted line), or 200 (dash line) captive-reared birds 
were released annually.  Refer to text for details. 
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Table 3.1  Results of ANOVA of effect of number of birds released (k5), proportion of 
females released (k6), and day-of-year that birds were released (k7) on simulated 
population size after 10 years.  Results are based on 18 sets of 20, 10-year Monte Carlo 
simulations.  Refer to text for details. 
 
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 2607(a) 5 521 455 < 0.001 
Intercept 10485 1 10485 9150 < 0.001 
k5 2607 2 1304 1138 < 0.001 
k6 0.046 1 0.046 0.040 0.843 
k7 0.013 2 0.007 0.006 0.994 
Error 55.008 48 1.146     
Total 13148 54       
Corrected Total 2662 53       
    
 
  
  32 
 
 
Figure 3.3  Results of 18 sets of 20, 10-year Monte Carlo simulations representing 
parameter combinations of number of birds released (k5 = 60, 100, 200), proportion of 
females released (k6 = 0.48, 0.7), and day-of-year that birds were released (k7 = 1, 244, 
305). Mean minimum population sizes at year 10 (±SD) are shown. 
Scenarios
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3.4   SIMULATED EFFECTS OF CHANGES IN RATE OF NATURAL RECRUITMENT, 
MORTALITY, AND RELEASE OF CAPTIVE-REARED ATTWATER’S PRAIRIE CHICKENS 
3.4.1  NATURAL RECRUITMENT AND MORTALITY 
To examine population-level responses to changes in rates of natural recruitment 
and mortality, I assumed that no captive-reared individuals were released and 
hypothesized thirty (30) scenarios with different natural recruitment rates based on those 
reported for other APC populations, and for the closely-related and vulnerable Greater 
prairie-chicken (T. c. pinnatus, GPC) (Table 3.2).  Lutz et al., (1994) reported that initial 
nest success (k1) for APC populations ranged from 19 to 64% annually, and renesting 
success (k2) ranged from 0 to 51%.  Peterson et al., (1998) reported baselines values of 
0.342 (SE=0.047) for initial nest success (k1) and 0.241 (SE=0.073) for renesting 
success (k2) for APC populations, and 0.495 (SE=0.021) and 0.495 (SE=0.021) for GPC 
populations, respectively.  
 To facilitate comparisons among the 30 scenarios, I combined success of first 
nests (k1) and renesting success (k2) into a single parameter, total nest success (tn): 
  tn = (k1 * IC) + ((k2 * (1 - k1)) * RC)     (7) 
where IC represents initial clutch size and RC represents renesting clutch size, using the 
values for IC (12.1 for both APC and GPC), and RC (9.5 for APC and 10.3 for GPC) 
reported by Peterson et al., (1998. Table 1).  Maximum values for tn were 9.51 for APC 
and 8.62 for GPC.  
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Table 3.2.  Reproductive parameters (± standard error) reported for populations of 
Attwater’s prairie-chickens and Greater prairie-chickens, representing ranges of values 
for success of first nests (k1, proportion), re-nesting success (k2, proportion), and 
number of chicks per brood surviving to brood breakup (k3). 
 
Species k 1 k 2 k 3 Source 
GPC 0.495 (± 0.021) 0.495 (±0.021) 6 Peterson et al., 1998 
APC 0.342 (±0.047) 0.241 (±0.073) 4.3 Peterson et al., 1998 
APC 0.19 to 0.64 0 to 0.51 Not reported Lutz et al., 1994 
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 I then determined for each scenario, by trial and error, the proportional reduction 
(k8adj) in current natural mortality (k8i, Appendix A) required for the population to 
sustain itself (Table 3.3).   
 I defined a self-sustaining population as one that exhibited stable annual 
fluctuations, with annual minimums equal to or slightly greater than the initial 
population size. As before, I initialized the population with 30 adults (1:1 sex ratio), and 
ran a set of 20, 10-year, Monte Carlo (replicate stochastic) simulations for each of the 30 
scenarios.  
Simulation results indicate that, even if I assume the highest natural recruitment 
rates reported for APC, current natural mortality rates would need to be reduced by at 
least 70% for the population to sustain itself (Table 3.3, Fig. 3.4).  If I assume the 
highest natural recruitment rates reported for GPC, current natural mortality rates would 
need to be reduced by at least 65%. Assuming the lowest natural recruitment rates 
reported for APC and GPC, current mortality rates would need to be reduced by at least 
83% and 78%, respectively. 
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Table 3.3.  Thirty hypothesized reproductive parameter combinations for Attwater’s 
prairie-chicken, representing different combinations of number of chicks per brood 
surviving to brood breakup (k3) and total nest success (tn), and the associated estimated 
proportional reductions (k8adj) in current natural mortality required for the population to 
sustain itself at the indicated mean (SD) minimum annual population sizes (MMAP).  
Refer to text for details associated with parameters estimates. 
 
Hypothesis k3 tn k8adj MMAP (SD) 
1 4.3 4.15 0.83 39.90 (± 0.92) 
2 4.3 5.64 0.78 35.94 (± 1.34) 
3 4.3 6.11 0.76 33.00 (± 1.010 
4 4.3 6.27 0.75 33.10 (± 0.84) 
5 4.3 7.15 0.75 29.57 (± 1.16) 
6 4.3 7.23 0.73 32.06 (±0.93) 
7 4.3 7.35 0.74 33.74 (± 0.94) 
8 4.3 7.36 0.73 34.38 (±1.24) 
9 4.3 8.36 0.72 35.82 (±1.15) 
10 4.3 8.47 0.72 30.92 (±0.89) 
11 4.3 8.52 0.72 35.66 (±1.12) 
12 4.3 8.57 0.72 36.78 (±1.20) 
13 4.3 8.62 0.72 31.88 (± 1.23) 
14 4.3 9.44 0.70 31.15 (±1.17) 
15 4.3 9.51 0.70 32.1 (±1.19) 
16 6 4.15 0.78 40.08 (±1.08) 
17 6 5.64 0.73 31.85 (±1.23) 
18 6 6.11 0.70 35.28 (±1.36) 
19 6 6.27 0.70 34.09 (±1.1) 
20 6 7.15 0.70 32.61 (±1.1) 
21 6 7.23 0.68 35.01 (1.51) 
22 6 7.35 0.69 36.53 (1.68) 
23 6 7.36 0.68 37.19 (±1.44) 
24 6 8.36 0.67 33.01 (±1.93) 
25 6 8.47 0.66 33.94 (±0.39) 
26 6 8.52 0.66 33.45 (±2.1) 
27 6 8.57 0.67 33.86 (±1.18) 
28 6 8.62 0.66 35.18 (±2.10) 
29 6 9.44 0.65 35.16 (±2.15) 
30 6 9.51 0.65 36.06 (±2.01)  
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Figure 3.4.  Trend lines calculated via linear regression passing through points 
representing the estimated proportional reductions (k8adj, Table 3.3) in current natural 
mortality (k8i) required for the Attwater’s prairie-chicken population to sustain itself 
under each of the 30 hypothesized natural recruitment rates (Table 3.3).  Total nest 
success (tn) includes both initial (k1) and re-nesting (k2) success (see text for details).  
Solid and open circles represent hypotheses based on 4.3 and 6 chicks per brood 
surviving to brood breakup, respectively. Cross-hatched area beneath the lines represents 
parameter combinations that yield a self- sustaining population. Note the inverted scale 
on the Y axis. 
Total nest success
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3.4.2  RELEASE OF CAPTIVE-REARED INDIVIDUALS 
 To state the obvious, a population cannot sustain itself if natural recruitment is 
not large enough to offset mortality.  The periodic release of captive-reared individuals 
can replenish population numbers, but population trends between release events will 
continue to reflect the difference between natural recruitment and mortality.  For small 
populations that have to become self-sustaining, the relevant question regarding the 
release of captive-reared individuals becomes: What is the relationship between the 
number of individuals released and the rate of population increase?  This question often 
is stated in terms of the length of time it will take for the population to reach some target 
size. 
 To examine population-level responses to changes in the number of captive-
reared APCs released, I simulated population growth assuming that either 60, 100, or 
200 birds were released annually under each of four combinations of population 
parameters.  I selected from the parameter combinations that yielded a self-sustaining 
population (Table 3.3) those that required either the largest (hypotheses 1 and 16) or 
smallest (hypotheses 15 and 30) adjustments to mortality rates (k8adj), assuming the 
number of chicks per brood surviving to brood breakup (k3) was representative of either 
APC (k3 = 4.3) or GPC (k3 = 6.0).  I again initialized the population with 30 adults (1:1 
sex ratio), and ran a set of 20, 10-year, Monte Carlo simulations for each of the 12 
scenarios (4 combinations of population parameters x 3 release rates). 
To facilitate comparisons among growth rates, I also calculated the population 
doubling time (d, in years) for each of the 12 scenarios, following Krebs (2001, p. 160): 
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Nd / N0  = 2 = e
rd
        (8) 
or, d = loge (2) / r       (9)
 
where Nt is population size at time t, and r is the realized, per capita, instantaneous 
population growth rate.  I estimated r by calculating the mean annual growth rate (λ = 
Nt+1 / Nt) during years 6 through 10 and then converting λ to an instantaneous rate (r = 
loge λ).  I based my estimate of r on population growth rate during years 6 through 10 to 
avoid an inappropriate interpretation of the initial phase of model behavior (Grant and 
Swannack, 2008, p. 101), which in this case took the form of small irregularities in 
growth rate during the first few years of simulation due to differences between the initial 
age-class distribution and the age-class distributions generated by the particular 
parameter combinations in the different versions of the model. 
 Simulation results indicated that mean pre-release population sizes in year 10 
after releasing 200 birds annually were approximately 3 times larger than populations 
into which 60 birds had been released annually, and populations into which 100 birds 
had been released annually were somewhat less than 2 times larger than populations into 
which 60 birds had been released annually (Fig. 3.5).   
   




Figure 3.5.  Simulated growth of an Attwater’s prairie chicken population under each of 
four hypothesized parameter combinations that yielded a self-sustaining population (A, 
B, C, and D represent hypotheses 1, 15, 16, and 30, respectively, in Table 3.3), assuming 
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 Reductions in population doubling times attained by increasing from 60 to 200 
the number of individuals released annually ranged from 7 to 18%, with greater 
reductions attained by populations characterized by higher rates of natural reproduction 
and mortality (hypotheses 15 and 30, Table 3.3), that is, by populations with higher 
turnover rates (Table 3.4).  Reductions in population doubling times attained by 
increasing from 60 to 100 the number of birds released annually ranged from 3 to 10%, 
with greater reductions once again attained by populations with higher turnover rates. 
3.4.3  RELATIONSHIP BETWEEN POPULATION TURNOVER RATE AND EFFECT OF 
NUMBER OF INDIVIDUALS RELEASED 
 To examine the relationship between population turnover rate and the effect on 
population growth of the number of birds released, I conducted a two-factor ANOVA of 
mean pre-release population sizes in year 10 simulated under the 12 treatments (the 12 
scenarios representing 4 hypothesized combinations of population parameters x 3 annual 
release rates) described in Section 3.4.2.  I used Bonferroni post-hoc tests to identify 
significant differences among treatment groups.  
 Results of ANOVA indicated that both hypothesized parameter combination and 
annual release rate had a significant effect on pre-release population sizes in year 10 
(Fhypothesis, df = 36 = 43.73, p < 0.001; FAnRelRate, df=36 = 361.399, p < 0.001).  Since there was 
no significant difference between hypotheses 1 and 16 (p > 0.05) or between hypotheses 
15 and 30 (p > 0.05), I aggregated these pairs of hypotheses into two groups.  Group A 
represented lower population turnover rates (lower natality and mortality) and Group B 
represented higher population turnover rates (higher natality and mortality).    
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Table 3.4.  Estimated population doubling times (in years) under each of four 
combinations of reproductive parameters that yielded a self-sustaining population 
(hypotheses 1, 15, 16, and 30 in Table 3.3), assuming, for each parameter combination, 
that 60, 100, or 200 captive-reared birds were released annually (k5).  See text for 
details. 
 
 Number of Birds Released Annually (k5) 
Hypothesis 60 100 200 
1 3.84 3.72 3.57 
15 5.35 4.82 4.59 
16 4.16 4.02 3.85 
30 5.83 5.22 4.80 
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 Results of ANOVA with hypotheses aggregated into two groups again indicated 
that both hypothesized parameter combination and annual release rate had a significant 
effect on pre-release population sizes in year 10 (Table 3.5).  Changes in annual release 
rates had a greater effect on growth of populations with lower turnover rates (Group A) 
than on populations with higher turnover rates (Group B) (Fig. 3.6).    
3.5  DISCUSSION 
 Projecting future trends for the endangered APC population at the APCNWR in 
the face of great uncertainly involving small populations is a very challenging task. The 
stochastic model developed for this study allowed analysis at a fine temporal scale, and 
as a result, it was possible to evaluate effects of release strategies, reproductive 
parameters, and mortality rates on Attwater’s prairie chicken population dynamics.   
 Regardless of the number of individuals released annually, population size 
immediately pre-release decreased to 11 – 12% of population size immediately post-
release.  That is, if 60 birds were released during a given year, then only 6-7 of these 
birds would remain a year after the release event.  Therefore, management strategies 
involving larger numbers of releases can increase population size in the short term, but 
these efforts cannot produce a self-sustaining population. One advantage of increasing 
population sizes, even temporarily, is the influx of new genetic variation the population 
will receive (Soulé, 1986). Suggested minimum population sizes for this purpose are at 
least 500 individuals (Lande and Barrowclough, 1987), but this scenario is very unlikely 
in the near future because the required number of yearly releases will be un reachable  
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Table 3.5.  Results of a two-factor ANOVA of mean pre-release Attwater’s prairie 
chicken population sizes in year 10 simulated under the 12 treatments (the 12 scenarios 
representing 4 hypothesized combinations of population parameters x 3 annual release 
rates) described in Section 3.4.2.  The four hypotheses were aggregated into two groups 
(Group A included hypotheses 1 and 16, Group B included hypotheses 15 and 30).  See 
text for details. 
 
Source Type III Sum of Squares df Mean Square F p 
Corrected Model 5460740.366 3 1820246.789 239.089 < 0.001 
Intercept 23722452.125 1 23722452.125 3115.937 < 0.001 
Ann. Release Rate 4664201.966 2 2332100.983 306.321 < 0.001 
Hypothesis Group 796538.400 1 796538.400 104.625 < 0.001 
Error 243624.490 32 7613.265   
Total 29426816.981 36    





















Figure 3.6. jEffects of changes in the number of captive-reared APCs released annually 
on pre-release population sizes in year 10 for simulated populations with lower turnover 
rates (lower natality and mortality, Hypothesis Group A), and higher turnover rates 
(higher natality and mortality, Hypothesis Group B).  See text for details about 
hypothesis groups.  Solid, sort-dashed, and long-dashed lines represent simulations in 
which 60, 100, and 200 captive-reared birds, respectively, were released annually. 
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 (around 4,500 individuals released per year to maintain minimum population sizes over 
500 individuals) with current mortality rates.   Additional factors involving release 
strategies, such day-of-year of releases and sex ratio of the individuals released, did not 
show a significant effect on population growth. 
 At current mortality rates the Attwater’s prairie chicken population cannot be 
self-sustainable even if reproductive parameters are increased to maximum rates 
previously reported for populations of both the endangered Attwater’s and the closely 
related vulnerable greater prairie chicken.  With the most favorable reproductive success 
scenarios, mortality rates must decrease by approximately 65 – 70% of their current 
values for the population to reach self-sustainable levels.  Even larger decreases in 
mortality will be necessary for the population to grow.  At lower values of reproductive 
success, mortality rates must be reduced even more, by approximately 78 – 83% of their 
current values, for the population to be self-sustainable.  
  If management actions can decrease mortality by the required level for self-
sustainability and birds are continued to be released, the population, unsurprisingly 
exhibits exponential growth, regardless of the initial size of the population (Fig. 3.5).  
While these results seem promising, management efforts must reduce current mortality 
rates by at least 65% in order for the population to be self-sustainable. Calculations for 
population doubling time showed that number of individuals released every year had a 
small effect on the reduction on the doubling time. Hypotheses with lower turnover rates 
had shorter doubling times; likewise, population doubling time decreased for parameter 
combinations that had higher turnover rates (Table 3.4).  Populations with higher 
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turnover rates benefits more from the release of more individuals, whether as population 
with low turnover rates benefit less from releases. Attwater’s prairie chicken populations 
could have a higher probability of recovery only if management strategies achieve 
turnover rates that can self-sustain the population, which in general terms imply great 
increases in natality rates and decreases in current mortality rates for the captive-bred 
individuals.  






 There was little evidence that variables such as age at release or date of release 
influenced survival of captive-reared Attwater’s prairie-chickens. This analysis, which 
included 8 more years of data than previously analyzed, agreed with results from 
Lockwood et al. (2005a) which indicated post-release survival of captive-reared APC 
was not influenced by date of release. Results indicated that survival of APC steadily 
declined post-release, and approximately 50% of the females and 33% of the males died 
within the first 60 days post-release. Mean female survival was 155 days (about 5.5 
months), while median survival was 94 days.  For males, mean survival was 135 days 
(about 4.8 months) and the median was 81 days. If birds are released on or about the 
median release day (1 Sept.), then they must survive, on average, about 150 days to 
reach the beginning of the breeding season, and probably at least an additional 4 months 
to complete breeding, nesting, and the rearing of offspring until brood break up (when 
chicks are approximately at 12 weeks of age). The post-release survival estimates 
obtained from this study indicate that few birds will survive the necessary time to 
successfully breed and rear young, however, the aforementioned results are actually 
more optimistic than those reported for released pen-reared Greater prairie-chickens, in 
which 90% of released pen-reared Greater prairie-chickens were dead within 90 days, 
and none survived longer than 120 days (Toepfer, 1988:139).   
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 The stochastic model developed for this research allowed projection of future 
trends for the APC population and it was possible to evaluate effects of release 
strategies, reproductive parameters, and mortality on APC population dynamics. 
Increasing the number of individuals released annually to 100 individuals is one of the 
recovery objectives of the Attwater’s Prairie chicken recovery plan (U.S. Fish and 
Wildlife, 2007).  However, regardless of the number of individuals released annually, 
population sizes immediately prior to the release dates were only 11 – 12% of the 
population sizes immediately after the release dates.  Therefore, for the Attwater’s 
prairie chicken, management strategies involving increasing the number of individuals 
released annually can increase population size in the short term, but cannot produce a 
self-sustaining population, which is the overall goal of any species conservation project 
(World Conservation Union, 1987; Griffith et al., 1989; U.S. Fish and Wildlife Service, 
1990; Tear et al., 1993).  
 At current mortality rates, simulated APC populations could not sustain 
themselves even if reproductive parameters were increased to the maximum rates 
reported for APC, or to the maximum rates reported for the closely related Greater 
prairie chicken.  With the most favorable reproductive parameter combinations, 
mortality rates must decrease by approximately 65 – 70% of their current values for the 
population to be self-sustaining.   
 Despite massive conservation efforts involving long-term captive breeding and 
annual supplementation with captive-bred individuals, the APC population at the 
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APCNWR is not self-sustaining, with population replenishment depending on released 
of captive-reared birds.  
There are several factors that could influence the success of captive breeding and 
re-introduction programs that were not analyzed in this study, such as behavior, social 
interaction, and level of human imprint on captive individuals, in addition to 
physiological condition of the individuals at released.  Individuals raised in captivity 
usually required special care and extensive training so the skills needed to survive in 
their natural environment are not lost. Indeed, successful re-introduction programs in 
other species, such as the California condor and Whooping crane, have heavily included 
these components. Therefore, I recommend that future work focus on maintaining 
untamed behavior and social interactions of individuals during captivity, along with 
restricted human interaction. 
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Daily mortality rates (k8i) for captive-reared Attwater’s prairie chicken males. Estimates 
are based on results of the survival analysis for the Attwater’s prairie chicken population 
at the Attwater’s Prairie Chicken National Wildlife Refuge described in Chapter II. 
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Daily mortality rates (k8i) for captive-reared Attwater’s prairie chicken females. 
Estimates are based on results of the survival analysis for the Attwater’s prairie chicken 
population at the Attwater’s Prairie Chicken National Wildlife Refuge described in 
Chapter II. 
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